The goal of the Baja California Sur (BCS) Renewable Integration Study is to evaluate the potential impacts of increasing penetration levels of wind and solar power on BCS's bulk power system operations using a production cost model that simulates the operation of the power system for the year 2024, which is the year Mexico has set the goal of reaching 35% of total electricity generation from clean energy sources. The study finds the following impacts from integrating increasing penetrations of wind and solar power: displacement of thermal electricity generation, an increase in the cycling of thermal generators (especially fast-starting and fastramping diesel power plants), a reduction in total variable operational costs, a reduction in carbon dioxide emissions, and an increase in wind and solar power curtailment. The study outcomes indicate that the islanded power system of BCS in 2024 (without considering the planned subsea cable interconnection to the interconnected national power system) would be able to serve load and meet operational reserve requirements during every hour of the year under different scenarios of increasing utility-scale wind and solar power penetrations.
v This report is available at no cost from the National Renewable Energy Laboratory (NREL) at www.nrel.gov/publications.
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Executive Summary
The goal of the Baja California Sur (BCS) Renewable Integration Study is to evaluate the potential impacts of increasing penetration levels of wind and solar power on BCS's bulk power system operations using a production cost model that simulates the operation of the power system for the year 2024, which is the year Mexico has set the goal of reaching 35% of total electricity generation from clean energy sources. The study finds the following impacts from integrating increasing penetrations of wind and solar power: displacement of thermal electricity generation, an increase in the cycling of thermal generators (especially fast-starting and fastramping diesel power plants), a reduction in total variable operational costs, a reduction in carbon dioxide emissions, and an increase in wind and solar power curtailment. The study outcomes indicate that the islanded power system of BCS in 2024 (without considering the planned subsea cable interconnection to the interconnected national power system) would be able to serve load and meet operational reserve requirements during every hour of the year under different scenarios of increasing utility-scale wind and solar power penetrations. 
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Introduction
The goal of the Baja California Sur (BCS) Renewable Integration Study is to evaluate the potential impacts of increasing penetration levels of wind and solar power on BCS's bulk power system operations for the year 2024, which is the year Mexico has set the goal of reaching 35% of total electricity generation clean energy sources. Studying the impact of wind and solar power on power system operations is interesting and challenging because of the variable and uncertain nature of wind and solar resources. BCS is a very interesting and relevant region to study renewable integration impacts because its power system is an electrical island. Most of its electricity is generated by burning expensive imported fossil fuels (oil and diesel), making it the power system in Mexico with the highest variable generation costs and the most polluting. Its electricity consumption is expected to grow significantly, and it has significant renewable energy resource potential in terms of wind power and especially in terms of solar power.
Methodology
The study is performed using PLEXOS [1] , a commercial production cost modeling tool. It is used to develop a unit commitment and economic dispatch model that simulates hourly bulk power system operations of the islanded power system of BCS for an entire year under different renewable generation (wind and solar power) penetration scenarios. A day-ahead simulation is used to consider the impact of day-ahead load, wind, and solar forecast errors on the commitment decisions of the conventional generators with slower startup times and that are therefore committed one day earlier. These commitment decisions are enforced in the real-time simulation that models optimal hourly generation dispatch decisions to meet demand needs (gross demand that includes network losses) while considering operational transmission flow constraints (DC optimal power flow approximation without considering network losses), generators' piecewise linear heat rate curves, ramping and startup constraints, as well as power system reliability-driven operational constraints. The latter include interface limits between the three transmission zones of BCS (Villa Constitución, La Paz, and Los Cabos), a 50% maximum instantaneous renewable energy (wind and solar power) penetration limit, and a dynamic operational reserve requirement that is equal to the greater value between 11% of instantaneous electricity demand and the installed capacity of the largest generator (including the instantaneous generation level of individual wind and solar power plants). Only thermal generators are allowed to provide operational reserves.
The unit commitment and economic dispatch model of the BCS islanded power system was successfully validated against real 2013 annual electricity generation data provided by Mexico's power system operator (Centro National de Control de Energía, CENACE) BCS control center, as shown in Figure 1 . The main difference between the model outputs and the real generation data from 2013 is that the model underestimates diesel-fired electricity generation because it simulates optimal operations under normal conditions without considering maintenance schedules. In reality, maintenance of oil-fired generators, as well as contingency and out-of-thenorm events, increases the electricity generation share of the more expensive and faster generators: diesel-fired power plants. 
Scenarios and Modeling Assumptions
To study the impact of increasing penetration levels of wind and solar power on BCS's bulk power system operations, scenarios of increasing penetration levels of wind and solar power are defined. These scenarios share the same transmission network capacities (115-kV and 230-kV transmission lines and transformers), thermal generation installed capacities (oil and diesel power plants), nodal hourly electricity load, and distributed rooftop solar photovoltaic (PV) installed capacities. The only differences between the scenarios are the installed capacities of utility-scale wind and solar power plants.
The transmission network, the thermal generation, and the electricity load considered in the model represent an approximation of how the BCS power system is expected to look in 2024 based on the two latest official generation and transmission expansion plans published by Transmission network data (including operational capacities and reactance values of transmission lines and transformers), hourly nodal real-time electricity load time-series data, hourly day-ahead regional electricity load forecasts, and thermal generation data (including piecewise linear heat rate curves, upward and downward ramping constraints, and startup costs and times) were provided by CENACE's BCS control center in La Paz. To design potential scenarios of increasing penetration levels of wind and solar power, wind and solar resource data sets with high temporal and spatial resolutions that cover the region of BCS were used. The National Solar Radiation Database [3] , based on satellite images and a complex physical model, provides solar resource variables for BCS at 4-km by 4-km and 30-minute resolutions. The Wind Integration National Dataset Toolkit [4] , based on a numerical weather prediction model, provides wind resource variables for BCS at 2-km by 2-km and 5-minute resolutions. Wind and solar resource time-series data from 2013 were used to match the year to which the load time-series data are based, and they represent the time-synchronous weather impacts on electricity load, wind power, and solar power. Data on the quality of wind and solar resources as well as the distance to major transmission substations were used to create tractable subsets of potential wind and solar power development locations. These subsets exclude locations that are not feasible for wind and solar power developments, such as urban areas, sensitive lands, available build lands, and water bodies. The quality of the wind and solar resources (wind speed at 100 m and global horizontal irradiance [GHI], respectively) excluded lands, and the selected locations of potential developments are shown in Figure 3 and Figure 4 . The subsets of potential wind and solar power development locations were used by National Renewable Energy Laboratory researchers and CENACE engineers to select a few locations to build six scenarios of increasing penetration levels of wind and solar power. CENACE's knowledge (of the power system, region, existing plans for wind and solar investments, industry interests, and results of the first renewable energy auction) was very valuable when choosing specific sites from the wind and solar power subsets. Table 1 shows the aggregated installed capacities for the entire system of BCS for the six scenarios of increasing renewable energy penetration levels. Each scenario builds on the previous one. Table 1 provides renewable generation rates for different penetration definitions. We refer to the definition in the first column throughout the paper: renewable energy penetration as the percentage ratio between annual renewable generation and annual electricity consumption. Table 2 shows the utility-scale wind and solar power installed capacities included in each renewable generation penetration scenario. Figure 5 shows detailed maps of the 9.5% and 32.5% renewable generation penetration scenarios. Hourly day-ahead wind and solar power forecast time series were statistically created for each power plant to represent realistic distributions of day-ahead wind and solar power forecast errors. The day-ahead forecasts are used in conjunction with the day-ahead load forecasts as inputs to the day-ahead simulation to model the impact of forecast errors on unit commitment decisions.
Results
To study the potential impacts of increasing penetration levels of wind and solar power, hourly bulk power system operations are simulated for one year for each scenario (seven total: one without utility-scale wind and solar power and six with increasing renewable generation penetration levels) using the production cost model described in the methodology section.
For all scenarios, the BCS power system is able to serve load and meet operational reserve requirements during every hour of the year. Figure 6 shows the impact of increasing renewable energy penetration levels on the annual electricity generation mix of BCS's power system. Wind and solar power displace electricity generation from fossil fuels, oil, and diesel. The overall impact on oil-fired electricity generation is larger because it represents a much larger share of electricity generation. Oil-fired power plants are committed in the day-ahead simulation and have lower variable electricity generation costs (the sum of fuel costs and variable operationand-maintenance costs). Diesel-fired power plants have higher variable electricity generation costs, but they are used to generate electricity during peak load hours, when the installed capacity of oil-fired power plants is not sufficient to meet load and operational reserve requirements; they are also used to provide generation flexibility with increased ramping capabilities and by being recommitted in the real-time simulation (they can start up in less than one hour). The latter is especially needed in situations with large day-ahead load (as well as wind and solar power) forecast errors.
Figure 6. Impact of increasing renewable generation penetration levels on electricity generation mix
Variable and uncertain renewable energy sources displace oil and diesel-fired electricity generation; however, under certain conditions, high penetration levels of wind and solar power can lead to instantaneous increases in diesel-fired electricity generation because of its valuable flexibility. Figure 7 shows the generation dispatch stack of the BCS power system for one week in January for the 9.5% and 15.4% renewable generation penetration scenarios. As shown, during the last evening of the week, the larger downward ramp of solar power in the bottom plot causes an increase in diesel-fired electricity generation. This is mainly caused by the need for fast startup and upward ramping flexibility. The increased startup flexibility needs are also shown in Figure 8 . Annual startup costs of thermal electricity generation increase as renewable energy penetration increases and thermal electricity generation decreases. A 32.5% renewable generation penetration (equivalent to 29.7% if we consider curtailment needs) increases the startup costs of the thermal generation by 32.9%. Figure 6 and Figure 9 show how increasing renewable energy penetration levels lead to wind and solar power curtailment. Renewable energy curtailment is negligible up to the 23.6% renewable energy penetration scenario, when it reaches 2.7%. For higher penetrations, renewable energy curtailment increases exponentially, up to 8.5% and 16% in the 32.5% and 40.1% renewable generation penetration scenarios, respectively. Wind and solar power curtailment is seasonal, and it is mainly caused by the reliability-driven constraint that limits instantaneous renewable energy penetration to 50% of the electricity load. Figure 10 shows the generation dispatch stack of the BCS power system for a week in January and a week in August for the 23.6% renewable generation penetration scenario. As shown, the same installed capacities of wind and solar power lead to no renewable energy curtailment needs when electricity load is high (a week in August) while at the same time leading to very large curtailment needs when the load is low and renewable generation (especially wind in this case) is high (a week in January). Other minor reasons that cause renewable energy curtailment in BCS under the analyzed scenarios include wind and solar day-ahead forecast errors and, in the highest penetration case, transmission congestion. Figure 11 shows the number of hours in the year during which transmission lines and interzone transmission interfaces are congested. A few transmission lines are congested during some hours in the year in the higher renewable generation penetration cases. In the highest penetration scenario, a very large installed capacity of wind and solar power in the zone of Villa Constitución causes congestion during few hours in the year in two lines within the zone and during 11.7% of the hours of the year in one of the two lines interconnecting the zones of Villa Constitución and La Paz. In contrast, in a different part of the network, higher renewable generation penetrations reduce network congestion: the congestion of the interzone transmission interface between La Paz and Los Cabos is significantly relieved by the integration of renewable energy sources in Los Cabos.
Figure 11. Impact of increasing renewable generation penetrations on transmission congestion
The integration of renewable energy sources (wind and solar power) in the islanded power system of BCS significantly reduces total variable electricity generation costs (sum of fuel costs, variable operation-and-maintenance costs, and startup costs), as shown in Figure 12 . This reduction is mainly caused by the displacement of thermal electricity generation. The increase in startup costs does not have much of an effect because they represent a very small share of the total variable electricity generation costs. With increasing renewable energy penetration levels, the marginal reduction in total variable electricity generation costs is reduced mainly because of the increase in renewable energy curtailment and because more expensive thermal generators are displaced first. For example, a 15.4% renewable energy penetration reduces total variable electricity generation costs by 20.4%, whereas a 40.1% renewable generation penetration (equivalent to 33.7% if we consider curtailment needs) reduces them by 37.9%. Similar to the impact on total variable electricity generation costs, increasing penetration levels of wind and solar power significantly reduce carbon dioxide (CO2) emissions, as shown in Figure 13 . This reduction is caused by the displacement of thermal electricity generation. With increasing renewable energy penetration levels, the marginal reduction in CO2 emissions is reduced mainly because of the increase in renewable energy curtailment. For example, a 23.6% renewable energy penetration (equivalent to 23.0% if we consider curtailment needs) reduces CO2 emissions by 17.8%, whereas a 40.1% renewable generation penetration (equivalent to 33.7% if we consider curtailment needs) reduces them by 36.2%. 
Conclusions
The BCS renewable integration study presented in this publication uses a production cost model to evaluate the impacts of increasing penetration levels of wind and solar power on BCS's bulk power system operations. These impacts include, among others: displacement of thermal electricity generation, increase in cycling of thermal generators (especially fast-starting and fastramping diesel power plants), reduction in total variable operational costs, reduction in CO2 emissions, and increase in wind and solar power curtailment.
The study outcomes indicate that the islanded power system of BCS in 2024 (without considering the planned subsea cable interconnection to the interconnected national power system) would be able to serve load and meet operational reserve requirements during every hour of the year under different scenarios of increasing utility-scale wind and solar power penetrations. Simulating bulk power system operations for the 32.5% renewable generation penetration scenario shows that the BCS power system would curtail 8.5% of wind and solar energy, reducing the net renewable generation penetration to 29.7%.
Renewable energy curtailment needs increase exponentially with increasing renewable energy penetrations: with 23.6% wind and solar power penetration, curtailment needs represent only 2.7% of the annual renewable generation; whereas with 40.1% penetration, curtailment needs reach 16%. Once moderate renewable energy penetrations (~30%) are reached, facilitating renewable energy curtailment is vital to the integration of wind and solar power. At these levels, curtailed energy represents a small share of the overall potential renewable electricity generation. Moreover, allowing wind and solar power plants to provide reserves would benefit them as well as the overall system by reducing the variable operational costs of serving load while meeting reserve requirements.
This study does not analyze subhourly operational challenges; however, it considers operational constraints defined by the power system operator (CENACE), such as a maximum 50% instantaneous renewable energy penetration constraint to ensure that the system is operated within reliability limits. A future study running dynamic simulations could be very useful to evaluate how high penetrations of variable and uncertain wind and solar power might affect system reliability after a large disturbance. Moreover, examining system stability and frequency response with high wind and solar penetrations would be very valuable to determine if and when the assumed 50% maximum instantaneous renewable energy penetration constraint is either sufficient or necessary. Further, a detailed analysis of the cost and reliability trade-offs of different operational reserve requirements under different renewable energy penetration scenarios would be very useful to evaluate wind and solar power plants' interconnection requirements, such as the requirement of installing a 15-minute battery storage system with an installed capacity equal to a percentage of the installed capacity of the wind or solar power plant.
A subsea cable interconnection between the BCS power system and the interconnected national power system is expected to be built by 2021 [2] , and it will not only reduce electricity generation costs in BCS but also further ease the integration of wind and solar power in the power system of BCS by reducing renewable curtailment needs, among other impacts. Future research could evaluate BCS renewable integration challenges and solutions considering the tie with the national interconnected power system.
